The genus Lactobacillus is known to be extremely diverse and consists of different phylogenetic groups that show a diversity roughly equal to the expected diversity of a typical bacterial genus. One of the most prominent phylogenetic groups within this genus is the Lactobacillus plantarum group which contains the understudied Lactobacillus mudanjiangensis species. Before this study, only one L. mudanjiangensis strain, DSM 28402 T , was described but without whole-genome analysis. In this study, three strains classified as L. mudanjiangensis, were isolated from three different carrot juice fermentations and their whole-genome sequence was determined, together with the genome sequence of the type strain. The genomes of all four strains were compared with publicly available L. plantarum group genome sequences. This analysis showed that L. mudanjiangensis harbored the second largest genome size and gene count of the whole L. plantarum group. In addition, all members of this species showed the presence of a gene coding for a putative cellulose-degrading enzyme. Finally, three of the four L. mudanjiangensis strains studied showed the presence of pili on scanning electron microscopy (SEM) images, which were linked to conjugative gene regions, coded on plasmids in at least two of the strains studied.
the L. plantarum group, using a comparative genomics approach. Therefore, the 45 genome of the type strain of L. mudanjiangensis was sequenced together with three 46 strains isolated from fermented carrot juice. These and other publicly available genome 47 sequences were used to screen for L. mudanjiangensis species-specific properties, which 48 included an analysis for the presence of genes related to pili formation and conjugation. 49 In total, 304 genomes were subjected to an in-depth analysis focusing on the 50 phylogenetic relationships as well as the predicted functional capacity of these strains. 51 
Results

52
The genome assembly of the type strain L. mudanjiangensis DSM 28402 T was analyzed 53 together with the genome sequences of three putative L. mudanjiangensis strains 54 isolated from carrot juice fermentations, namely AMBF197, AMBF209 and AMBF249, 55 to confirm their putative classification as L. mudanjiangensis members. Furthermore, 56 to allow comparison with other closely related Lactobacillus species and detection of L. 57 mudanjiangensis species-specific properties, all publicly available genome sequences 58 (NCBI Assembly database, 24/07/2018) of L. plantarum group members were included 59 in this comparative genomics study, totaling the number of genomes analyzed to 304 60 ( Table 1) . 61 Spontaneously fermented carrot juice [11] Phylogeny of the Lactobacillus plantarum group 62 To obtain a detailed view on the phylogeny of L. mudanjiangensis in relationship to the 63 whole L. plantarum group, a maximum likelihood phylogenetic tree was constructed, 64 based on 612 single-copy core orthogroups, found with Orthofinder (Fig1 and S1 Fig) . Maximum likelihood phylogenetic tree of the Lactobacillus plantarum group. The tree is based on the amino acid sequences of 612 single-copy marker genes. Lactobacillus algidus DSM 15638 was used as an outgroup. The tree was pruned to only keep 70 L. plantarum strains to avoid over-plotting. A complete tree can be found in the Appendix (S1 Fig) A substantial difference in total genome length between the different species of the L. 104 plantarum group was found (Fig3A). Lactobacillus mudanjiangensis showed a median In total, 947,588 genes were found in the whole L. plantarum group, with an average 117 of 3,110 genes per genome. These genes were further clustered into 8,005 different 118 orthogroups, leading to an average count of 2,924 orthogroups per genome. The 119 differences between these numbers was due to the fact that some genes were found in 120 multiple copies within one genome, which clustered together in a single orthogroup. Of 121 all these orthogroups, 2,172 were defined as core orthogroups and 5,833 as accessory 122 orthogroups (see Sections 1.2.2 and 4.2.3 for the definition of these terms). A detailed 123 overview of the number of genes and core and accessory orthogroups can be found in S2 124 Table. Subsequently, the distribution of orthogroups between the different L. plantarum 125 group members was explored (Fig3D). The species with the highest number of 126 species-specific orthogroups was L. plantarum. With 2,065 species-specific orthogroups, 127 it greatly outnumbered all other species, although this number was most probably 128 biased, due to the higher number of sequenced genomes available for L. plantarum 129 compared with the other L. plantarum group species. It was followed by L. The second most abundant category of L. mudanjiangensis-specific orthogroups, 168 excluding category S (function unknown), were genes related to 'cell wall, membrane, or 169 envelope biogenesis' (category M). Examination of the annotation of the genes 170 belonging to these orthogroups did not reveal any new insights, as many of them were 171 annotated as hypothetical proteins. Therefore, scanning electron microscopy (SEM) was 172 performed to screen the cell surfaces of these four strains in more detail. This analysis 173 revealed that three of the four strains (L. mudanjiangensis DSM28402 T , AMBF209 and 174 AMBF249) formed pili or fimbriae, connecting different cells to each other as well as 175 cells to an undefined structure (Fig4A). To identify the genes encoding these pili, all genome sequences of L.
177 mudanjiangensis were screened for the presence of genes associated with these kinds of 178
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phenotypes. These included the spaCBA gene cluster, which has been linked with 179 probiotic properties in L. rhamnosus, due to better adhesion to intestinal epithelial 180 cells [38, 39] , as well as secretion systems based on pili, such as the type II and type IV 181 secretion systems [25, 40] . In this study, no spaCBA gene cluster was found. However, 182 further exploration revealed the presence of a conjugation system in at least three of the 183 four L. mudanjiangensis strains examined (AMBF209, AMBF249 and DSM 28402 T ).
184
Two complete conjugation systems containing all three mandatory parts (Fig4C) 185 were found in L. mudanjiangensis AMBF209 and AMBF249, whereas one complete 186 conjugation system was found in L. mudanjiangensis DSM 28402 T (Fig4B) . For all four 187 L. mudanjiangensis strains, the relaxase gene of this conjugation system was classified 188 as a member of the MOB Q class, whereas the coupling protein was classified as a 189 T4CP2. The MPF system, which harbored the putative pilus, was further classified as 190 belonging to the class MPF FATA , which groups the MPF systems of Gram-positive 191 bacteria [24] . VirB4 was identified as the ATPase motor of this MPF system. VirB1-like protein [41] . In Agrobacterium tumefaciens, the VirB1 protein provides 206 localized lysis of the peptidoglycan cell wall to allow insertion of the T4SS [42] . A 207 similar domain, also known to harbor peptidoglycan lytic activity, was found in L.
208 mudanjiangensis DSM28402 CR1 (orthogroup OG0002812). Finally, another conserved 209 domain was found in all five gene regions clustered in orthogroup OG0003012, 210 annotated as T4SS CagC, which was shown to be a VirB2 homolog. VirB2 is the major 211 pilus component of the type IV secretion system of A. tumefaciens, which is the main 212 building block for extension and retraction of the conjugative pilus [43] [44] [45] . Taken 213 together, these results showed the presence of pili in three L. mudanjiangensis strains 214 (AMBF209, AMBF249 and DSM 28402 T ), which after genomic analysis were 215 hypothesized to be part of a conjugation system.
216
Finally, genome analysis of all other L. plantarum group members showed that, in 217 contrast to an initial belief, the presence of a complete conjugation system was not 218 unique to L. mudanjiangensis (S1 Table) . All three necessary genes were also found in 219 58 of 275 L. plantarum strains, two of seven L. paraplantarum strains and four of twelve 220 L. pentosus strains. In contrast, the system was completely absent in clade5a, L. Many conjugation systems are coded on plasmids [27] . Therefore, all four L. 224 mudanjiangensis genomes were screened for plasmid presence using Recycler [46] .
225
Plasmids were only found in two of four genome assemblies, namely L. mudanjiangensis 226 AMBF209 and AMBF249 (Fig5). Both strains harbored a plasmid of 27.3 Kb with 33 227 predicted genes, which after pairwise alignment of the plasmid were foun to be exactly 228 the same. Subsequently, the presence of a conjugation system on these plasmids was confirmed using CONJScan. Further examination showed that the plasmid exactly 230 matched the above described AMBF209 CR2 and AMBF249 CR1 gene regions (Fig4B). 231 Regarding annotated genes, 13 of 33 gene products were predicted as hypothetical 232 proteins by Prokka. Further annotation using the EggNOG database revealed that most 233 genes were mapped to category S (function unknown), followed by category L 234 (replication, recombination and repair) and category C (energy production and 235 conversion). Finally, a BLAST search was performed against the NCBI nt database to 236 explore whether a similar plasmid was already described in the literature. In this study, the genome sequence of the L. mudanjiangensis type strain DSM 28402 T 254 was presented together with the genomes of three new L. mudanjiangensis strains,
255
AMBF197, AMBF209 and AMBF249, which were isolated from three different 256 spontaneous carrot juice fermentations [11] . Since previous phylogenetic analysis of this 257 species, using the 16S rRNA, pheS, and rpoA genes, showed a close genetic relatedness 258 with the members of the L. plantarum group [10] , it was decided to study these 259 genomes in relation to the closely related members of the L. plantarum group with a 260 comparative genomics approach. A maximum likelihood phylogenetic tree confirmed 261 that L. mudanjiangensis was closely related to all other L. plantarum group members. 262 Furthermore, pairwise ANI analysis confirmed that the three strains isolated from 263 carrot juice fermentations were indeed members of the L. mudanjiangensis species. Yet, 264 this analysis also revealed that several genomes annotated as L. pentosus and L.
265
plantarum showed intraclade ANI values below the commonly used cut-off value of 95% 266 identity [34] . Especially for L. pentosus, low intraclade ANI values (a maximum of 267 92,3%) were found, meaning that if the 95% cut-off is strictly applied, two genome 268 assemblies could not be seen as members of the L. pentosus species. One of them 269 represented the genome sequence of the vaginal isolate L. pentosus KCA1 [48] , the other 270 a genome sequence that has been annotated as L. plantarum EGD-AQ4, isolated from a 271 fermented bamboo shoot product [49] . The fact that these two genomes showed lower 272 intraclade ANI values could mean that these bacteria are undergoing a speciation 273 process or that this strict ANI value cut-off should be revised, as it potentially separates 274
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275
The estimated genome size of L. mudanjiangensis was the second largest of the 276 whole L. plantarum group found up to now. The same trend was found for the gene 277 count per species. This means that L. mudanjiangensis harbored one of the largest 278 genomes of the whole LGC, since L. plantarum and especially L. pentosus are known to 279 be among the lactobacilli with the largest genome size and gene counts [5, 50, 51] . For L. 280 plantarum, this large genome and also its pangenome size have been coupled to a 281 nomadic lifestyle [5, 50] . This lifestyle comes with a high genetic diversity, which is 282 associated to the possibility to survive and thrive in many different ecosystems. This 283 could possibly also be applied to L. mudanjiangensis, supported by the fact that L.
284 mudanjiangensis showed a slightly larger number of GHs than L. plantarum (Data not 285 shown), indicating that this species is capable of transforming and metabolizing a broad 286 spectrum of carbohydrate sources. This observation was confirmed by the fact that the 287 type strain was found to be capable of producing organic acids from at least 21 different 288 carbon sources [10] . Furthermore, here, a putative cellulose-degrading enzyme, 289 annotated as endoglucanase E1, was found in all four L. mudanjiangensis strains, which 290 was not found in any other LGC genome so far. Moreover, cellulose-degrading enzymes 291 were never found in LAB up to now. Cellulose is the most abundant organic polymer on 292 earth [52] , the most important skeletal component in plants in general [52] and the most 293 abundant crude fiber in carrots [53] . Lactobacillus mudanjiangensis' putative capability 294 to degrade this fiber into glucose might allow members of this species to survive in many 295 different plant-related ecosystems. Fermented carrot juices and fermented pickles are 296 examples of such ecosystems, where three and one of the strains studied were isolated 297 from, respectively. Together, these results suggested that, similar to L. plantarum, a 298 nomadic or otherwise a plant-adapted lifestyle could be assigned to L. mudanjiangesis. 299 SEM analysis revealed the presence of pili or fimbriae in three of the four L. 300 mudanjiangensis strains studied. In this study, the observation of pili in L.
301
mudanjiangensis was associated with bacterial conjugation. Three of the four strains 302 were found to carry at least one complete putative conjugation region, including a gene 303 that possibly codes for a VirB2 homolog, the major subunit of a conjugation-related 304 pilus [43] [44] [45] . The three strains that harbored this conjugation region all showed pili 305 formation on the SEM images, whereas this was not the case for strain AMBF197, 306 which lacked this region. These results suggested that the detected pili might play a role 307 in cell to cell contact during the conjugation process, although this was not yet 308 experimentally validated.
309
Conjugation is one of the main drivers of horizontal gene transfer and is commonly 310 associated with conjugative plasmids [22, 26] . Here, two of the five conjugative regions 311 found were plasmid-associated and the two plasmids found were exactly the same for 312 both L. mudanjiangensis AMBF209 and AMBF249, although these strains were 313 isolated from different household carrot juice fermentations [11] . Previous studies also 314 identified and described conjugative plasmids in other Lactobacillus species, such as 315 Lactobacillus brevis [54] , Lactobacillus casei [55] , Lactobacillus gasseri [56] , Lactobacillus 316 hokkaidonensis [57] , L. plantarum [58] and Lactobacillus reuteri [59] . Genes on these 317 plasmids often code for proteins involved in detoxification, virulence, antibiotic 318 resistance and ecological interactions [22] , which could give them a fitness advantage in 319 certain environments. Here, apart from the conjugation-related genes, many genes were 320 annotated as hypothetical proteins on the conjugative plasmid. However, since this 321 plasmid showed great similarity with a plasmid from a Leuconostoc strain, which was 322 isolated from fermented kimchi [47] , it could potentially harbor genes that are beneficial 323 for survival on plants or in a fermented vegetable environment.
324
In conclusion, in this study, the genome sequences of four L. mudanjiangensis strains 325 were studied in relation to the closely related members of the L. plantarum group. webserver [67] and queried using HMMSCAN [68] . An E-value of 1 x 10 -15 and a 374 coverage of 0.35 were used as cut-off, similar to what has been described before [69] . 375 Defining the pangenomes of all Lactobacillus plantarum group 376 species 377 To define the pangenome, all genes were clustered into orthogroups using OrthoFinder 378 2.2.6 [70] and further analyzed in R [71] . Here, a core orthogroup is defined as an 379 orthogroup present in more than 95% of a set of genomes. All other orthogroups are 380 defined as accessory orthogroups. An upset plot was created using the R package 381 UpSetR [72] . Unique orthogroups belonging to L. mudanjiangensis were further 382 annotated using EggNOG-mapper [73] and visualized using ggplot2 [62] . 383 Phylogenetic tree construction 384 Single-copy core orthogroups found by Orthofinder were used as input for the 385 construction of a phylogenetic tree. Lactobacillus algidus DSM 15638 (NCBI Assembly 386 accession number GCA 001434695) served as an outgroup, as it is the species most 387 closely related to the L. plantarum group [1] . The first protein sequence of each fasta 388 file of the single-copy core orthogroups was compared with a BLAST database of all 389 genome proteins of the outgroup's genome sequence. All hits with a coverage > 75% 390 and a percentage similarity > 50% were added to the alignment of each orthogroup.
391
These alignments, on amino acid level, were concatenated into a supermatrix that was 392 used in RaxML 8.2.9 [74] , to build a maximum likelihood phylogenetic tree with the -a 393 option, which combines a rapid bootstrap algorithm with an extensive search of the tree 394 space, starting from multiple different starting trees. The tree and subtrees were plotted 395 with the R package ggtree [75] . 396 Average nucleotide identity 397 All pairwise ANI values were calculated with the Python pyani package [76] , using a 398 BLASTN approach [64, 65] To screen for the presence of the spaCBA gene cluster, the gene cluster that is 421 responsible for expression of the fimbriae in L. rhamnosus GG [38, 39] , a BLAST 422 search [64, 65] on protein level was performed against a BLAST database constructed for 423 each genome separately. The gene sequences of spaA (NCBI GenBank accession number 424 BAI40953.1), spaB (BAI40954.1) and spaC (BAI40955.1) were used as queries. 425 Furthermore, the genomes were screened for genes encoding pili-related protein 426 secretion systems, using the predicted amino acid sequences as query and the TXSScan 427 definitions and profile models [25] as references in MacSyFinder v1.0.5 [78] . As only 428 genes related to conjugation systems were found, all protein sequences of all genomes 429 were again scanned, this time using the CONJScan definitions and profile 430 models [23, 26] using MacSyFinder. In brief, a conjugation region was only considered if 431 the conjugation genes were separated by less than 31 genes, except for genes encoding 432 relaxases that can be separated by maximal 60 genes. The region was considered 433 conjugative when it contained genes coding for (i) a VirB4/TraU homolog, (ii) a 434 relaxase, (iii) a type 4 coupling protein (T4CP) and (iv) a minimum number of 435 mating-pair formation (MPF) type-specific genes [26] . For both scans, hits with 436 alignments covering > 50% of the protein profile and with an independent E-value ¡ 437 10 −3 were kept for further analysis (default parameters) in R [71] . Conserved domain 438 analysis of genes of interest was performed using the NCBI Conserved Domain web 439 interface [79] . The gene regions were visualized using the R package gggenes (available 440 at https://github.com/wilkox/gggenes).
441
Plasmid identification 442
Detection and reconstruction of plasmids in the different L. mudanjiangensis strains 443 was performed using Recycler v0.7 [46] , with the original fastq files and SPAdes 444 assembly graphs as input. The assembled plasmids were annotated with Prokka and 445 further characterized by scanning against the EggNOG database, as described in above. 446 The presence of a conjugation system was confirmed with CONJScan, as described 447 above. The percentage identity between the different plasmids found was assessed using 448 BLAST [64, 65] . The similarity with any previously described plasmid was checked by 449 performing a BLAST search [64, 65] against the NCBI nucleotide (nt) database. A 450 plasmid map was created using Geneious v8 [80] .
451
Delimitation of integrative and conjugative elements 452
The presence of ICEs was explored by a similar approach as the pipeline described 453 previously [26] . Briefly, all strict core genes, i.e. genes present in all strains of L. 454 mudanjiangensis were found using the Orthofinder output (see above). Next, all 455 flanking core genes of each conjugative region were identified. Since within one species 456 an ICE is expected to be found between the same core orthogroups, the flanking core 457 genes of each conjugative region found were evaluated to determine whether or not it 458 could be defined as an ICE. 
